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Summary
It is widely accepted that numerous genes are expressed in a cell-cycle dependent manner, with cycle-specific variations in mRNA content or peaks of protein content during the cell cycle. These proposed variations raise the problem of how varying cell cycle gene expression is regulated. This is the "infinite regression" problem or Russian Doll problem where postulating a cell-cycle specific control element merely pushes the explanation of cell-cycle variation back one step to the problem of how that control element itself appears and disappears at particular times during the cell cycle. We present evidence that cyclin mRNA content is invariant during the cell cycle and calculations reveal that mRNA variation does not account for observed protein variations during the cell cycle. The experimental evidence for protein breakdown only at the end of the cell cycle leads to a general model for cell-cycle control that avoids the Russian Doll problem.
INTRODUCTION
There have been a number of studies of global gene expression during the eukaryotic division cycle using microarrays to analyze mRNA content as a function of cell-cycle age.
Following the studies of mRNA content in S. cerevisiae 1, 2 , different groups have studied such diverse eukaryotic cells as primary human fibroblasts 3 , HeLa cells 4, 5 , Arabidopsis thaliana 6 , and S. pombe 7, 8, 9, 10 , as well as the prokaryote Caulobacter crescentus 11 . The general result emanating from these studies is the proposal that numerous genes-as measured by mRNA content-are expressed in a cell-cycle-specific manner.
In addition to mRNA variations, there are also variations in protein content during the cell cycle. Proteins have been classified by the time or phase during the cell cycle at which protein content peaks or is rapidly synthesized 12, 13, 14, 15 . In particular, it has been proposed that some proteins have a peak in content during the G1 phase or the S phase of the cell cycle. A recent review of protein breakdown during the cell cycle has also pointed out that many proteins break down specifically during mitosis 16 .
The question thus arises as to how myriad cyclical gene expression patterns and protein variations (which presumably regulate passage through the cell cycle) are themselves regulated during the cell cycle.
The analysis presented below is divided into four parts.
First, the problem of regulation of mRNA and protein during the cell cycle will be discussed within the framework of the "infinite regression" or the Russian Doll problem.
Experiments will then be presented demonstrating an invariant pattern of mRNA content during the division cycle for a set of cell-cycle related genes. The pattern of protein accumulation during the cell cycle of unperturbed cells is consistent with this constant or invariant mRNA content.
A quantitative analysis of the relationship of protein variation to mRNA variation will then demonstrate that the quantitative aspects of protein variation are difficult to explain by mRNA variation during the cell cycle.
Finally, we will discuss the evidence for continuous and a constant rate of protein synthesis during the interphase and protein breakdown specifically associated with mitosis without breakdown in the middle of the cell cycle.
These results-the postulated mRNA patterns (invariant during the cell cycle) and protein patterns (cycle-independent synthesis and cycle-specific breakdown associated only with mitosis)-can solve or avoid the problem of how cycle-specific regulatory elements are themselves regulated.
Regulation of cycle-specific gene expression-the problem
Consider a gene whose expression (i.e., mRNA content) varies during the cell cycle, with expression maximal at some particular cell-cycle age or phase. In order for this change in rate of mRNA synthesis from a specific gene to occur there must be the appearance of some cellular element-let us call this "control element #1"-that controls that gene's expression or content and which changes the rate of mRNA synthesis from this gene. At some later time this element must cease its activity in order to cease mRNA synthesis and allow the extant mRNAs to decay.
This scenario would give a cyclical pattern of gene expression for a particular gene. If the change in mRNA content were due to a change in the decay kinetics of mRNA, a change in the rate of breakdown (i.e., a decrease in the rate of breakdown) would lead to an increase in the content of a specific mRNA. This breakdown change would also require the cycle-specific appearance of a cellular control function related to the breakdown of a specific mRNA.
How is control element #1 itself regulated? To explain mRNA variation one must postulate some increase in control element #1 (assuming it is a positive control element) to stimulate mRNA synthesis. Later in the cell cycle there this control element #1 must disappear or be inactivated so that mRNA synthesis ceases or decreases. Control element #1 is presumably regulated by "control element #2". But control element #2 itself then requires a cycle-specific control system, which we consider control element #3. Continuing this process we could imagine control elements #4, #5, and so on, ad infinitum.
This reasoning can also be applied to changes in the breakdown of mRNA, where cyclespecific changes in control elements require prior cycle-specific changes, ad infinitum.
As the genes that are cyclically expressed generally appear to have different times of peak expression, one must postulate separate sets of control elements 1, 2, 3, …n, for each proposed gene that varies during the cell cycle.
Variation in protein content during the cell cycle provides a similar problem regarding control elements. Thus, if mRNA were invariant, a peak in protein content at a particular time during the cell cycle would require the cycle-dependent appearance of some activator of protein translation from the extant mRNA and the appearance of a specific protease after peak expression. Both of these control elements would require further controls and so on, ad infinitum.
The breakdown of proteins after a peak during the cell cycle reveals an even more crucial problem. The postulation of a specific breakdown activity or protease acting after the peak of protein appearance would require the postulation of some specific anti-protease or a specific protease that breaks down the first protease in order to allow the protein to increase during the next cell cycle. This proteolytic-anti-proteolytic system would be cell-cycle dependent and again we have the problem of further controls acting during the cell cycle.
These problems, as a group, are examples of the "infinite regression" problem where the proposed solution to one problem leads to further problems. A physical metaphor for this problem can be seen in the popular Russian Dolls.
The Russian Doll metaphor
The gene control system described here is like the nesting Russian Dolls that are now ubiquitous in the world. 
RESULTS

Experimental analysis of mRNA variation during the division cycle for specific cyclins
We have measured the mRNA content for many genes believed to be associated with the cell cycle using the Superarray system. The mRNA analysis was determined on cells produced without perturbations using an automated membrane-elution ("baby-machine") system. Patterns of cell size change and DNA change during the cell cycle from these cells is shown in Fig. 1 . Most important for this analysis is the observation that for any variation there is no zero trough value. This means that the variation in protein during the division cycle from these mRNA molecules is expected to be negligible (see next section, and discussion below on presentation of mRNA data during the cell cycle).
Analysis of relationship of mRNA variation during division cycle to protein variation
If mRNA did vary during the cell cycle, how would this mRNA variation affect protein variation during the cell cycle? The answer is "not very much".
We have derived equations for the variation of proteins during the cell cycle for particular patterns of mRNA variation during the cell cycle, and for both stable and unstable proteins 18 .
Those initial calculations primarily were concentrated on mRNA variations with a zero trough value. For extremely large changes in mRNA content (i.e., infinite amplitude, with a trough in the sine wave pattern of zero value) the maximal variation in protein content for a stable protein, compared to unregulated mRNA, is at most 22%. For protein that has a half-life of one-fifth the interdivision time the maximal variation in protein content for extremely large variations in mRNA is at most 3-fold.
We now extend the original analysis to patterns of mRNA variation that include patterns with non-zero trough. For a set of mRNA patterns we calculate the expected protein variation during the cell cycle. The variation in protein content during the cell cycle for both stable and unstable proteins is shown in Fig. 3 . For mRNA variations with a non-zero trough value the change in protein, compared to an unregulated protein, is quite minimal. For example, with a trough value of 10 and amplitude of 2, the maximum deviation from unregulated protein for a stable protein is approximately 2%. For an extremely unstable protein (half-life equal to one-fifth of the interdivision time) the variation is approximately 20% compared to an unregulated protein.
What is most important to recognize is how a non-zero trough value for any sinusoidal variation affects the expected protein variation. When the minimal amount of mRNA is above zero the change in protein during the cell cycle essentially disappears.
The conclusion from these calculations is that even if mRNA did vary during the cell cycle, these changes cannot account for the larger observed changes in the protein content during the cell cycle. Because published data on mRNA variation during the division cycle generally do not give the absolute values of mRNA during the cell cycle it is difficult to know precisely what one might expect for protein variation. The conclusion of this quantitative analysis is that all of the work of mRNA variation during the division cycle does not seem to be able to produce variations in protein
DISCUSSION
Invariant gene expression during the cell cycle-the solution to the infinite regression or Russian Doll problem
The solution to the problem of cyclical gene expression (separate from cyclical protein content) is to postulate that gene expression (i.e., mRNA content or production) is not cyclical but is constant during the cell cycle. This proposal is at variance with the current, dominant, and consensus view of events during the mammalian cell cycle, but the evidence, and the theoretical considerations raised here, suggests that this proposal must be strongly considered.
In order to reconsider the widely accepted view of cyclical gene expression one must consider three points. First, the clear presence of cell-cycle variation in protein content does not mean that one must expect cyclical mRNA variation. Second, one must reconsider the data on mRNA variation during the cell cycle, with attention to problems of synchronization of cells and perturbations of cells when whole-culture methods are used 19, 20, 21, 22, 23, 24, 25, 26 as well as problems with microarrays 27, 28, 29 . And finally, one must consider the logical and theoretical problems with postulating mRNA variation during the cell cycle as exemplified by both the infinite regression problem and the minor affect of mRNA variation on protein variation.
The data on variation in mRNA content during the cell cycle has generally been based on whole-culture methods of synchronization and the use of microarrays to analyze mRNA from numerous genes. Without reviewing the argument in its entirety, it should be pointed out that whole-culture methods cannot synchronize cells 22 . Experiments testing some popular methods for synchronization have supported the conclusion that whole-culture methods cannot synchronize cells 20, 26, 30, 31 . The lack of synchronization is a problem in addition to the probable introduction of perturbations when whole-culture methods (usually starvation or inhibition) are used to analyze the cell cycle. The use of microarrays has also been questioned, with the data on mRNA variation during the cell cycle being strongly criticized 27, 28, 29 .
It must also be pointed out that much of the data on mRNA variation during the cell cycle has presented "normalized" data, where the sinusoidal pattern is adjusted to a mean of zero and amplitude of 1.0. When this is done, the absolute values for the mRNA content during the division cycle are unseen. This means that one cannot predict the protein variation from that particular mRNA variation.
In addition to these experimental problems, there has been a notable lack of consideration of the infinite regression problem that adheres to the proposal that numerous (hundreds to thousands) of genes have variable expression during the cell cycle. Each proposed variation in mRNA expression requires the postulation of a cycle-specific variation in some control element, and that control element in turn requires another cycle-specific control element, and so on. Until this "infinite regression" problem (as exemplified in the Russian Doll metaphor) is considered and studied, it is difficult to understand how gene expression-again, mRNA variation, not protein variation-can vary during the cell cycle. A more general critique of mRNA analyses during the cell cycle rests on two points. First, most of the data is presented as normalized data so that the absolute values for mRNA content during the division cycle are not readily available.
Thus one does not know whether or not a trough has a zero value for mRNA content or a very large, non-zero value. Second, there are numerous problems with microarray assays, and these have been described in detail 27 .
Problems with mRNA analysis during the cell cycle revealing. In particular, the non-perturbing elutriation results suggest that the whole-culture methods have introduced cyclicities that do not exist in unperturbed cells.
mRNA content during the unperturbed cell cycle
RT-PCR analysis (Fig. 2) indicates that in unperturbed cells the mRNA content for seven cyclins is invariant during the cell cycle. By not having gene expression vary during the cell cycle we avoid the problem of having cycle-specific control elements postulated for mRNA variation that in turn would require cycle-specific control elements.
The numerous measurements using microarrays have led to the proposal that hundreds and possibly thousands of genes are expressed preferentially at different times or phases of the cell cycle. We have noted above that such mRNA variation is very likely insignificant with regard to protein variation during the cell cycle. But aside from that, we must consider the evidence for mRNA variation during the cell cycle. Much of this evidence is subject to the criticism that the methods used were perturbing and that the results are artifacts of the methods used. considerations of the infinite regression problem support the experimental results described here.
Analysis of protein variation during the normal division cycle.
We have used the membrane-elution method to analyze various proteins during the division cycle, specifically cyclins, and have made two significant observations 34 . First, cyclins A and B1 break down or their antigenic specificity disappears (on Western blots) at the end of the cell cycle. Equally important, the significant breakdown at the end of the cell cycle is followed by the essentially immediate resynthesis of these cyclins in the newborn cells and throughout the interphase of the cell cycle.
The immediate recovery of cyclin content in the newborn cells suggests that there is no proteolytic system that must be destroyed at the end of the cell cycle. Rather, it appears that there is something about the mitotic/cytokinetic period that allows breakdown, and when cytokinesis ends there is no further breakdown activity. This now allows the increase in protein during the beginning of the cell cycle. By restricting protein breakdown to the window of mitosis/cytokinesis, one avoids one of the central infinite regression problems, the cycle-specific removal of a protease in order to allow protein synthesis to proceed in subsequent cycles.
A general model of protein and mRNA variation during the mammalian cell cycle
A succinct summary of the model of the cell cycle that we propose is that the increase in material during the cell cycle is essentially a steady-state growth pattern. In a steady state pattern of growth during the cell cycle all materials will increase in parallel and the ratio of any single molecule to any other molecule would be constant. The only deviations we would observe from such a steady-state pattern are the breakdown of proteins during a narrow window of the cell cycle (Fig.4) . Other than this breakdown, the synthesis of all proteins and all mRNAs is invariant during the cell cycle.
The steady-state model eliminates the infinite regression problem or paradox as there is no need to postulate any cycle-dependent controls that would in turn require cell cycle dependent controls. For the vast majority of material in the cell cycle, specifically the cytoplasmic components, we propose that the rate of increase in each component (excluding the genome) is invariant during the cell cycle. As mass increases exponentially 35, 36 , it is proposed (with some The current, and dominant view of the cell cycle is that numerous genes are expressed at particular times during the cell cycle. The sequential activation of different genes at different times is believed to lead to the eventual cell division. In contrast, here it is proposed that there is no cell-cycle variation in gene expression. All genes are expressed at a constant rate at all times during the cell cycle. Exceptions from the absolute total steady-state pattern are the breakdown or loss of some proteins during mitosis. These proteins are synthesized in a constant manner, as the other proteins are, but because of breakdown at mitosis the ratio of these mitotically-sensitive proteins to other proteins is not constant as would be required by true steady-state conditions.
The important point is that even the proteins that appear lost at mitosis are not made at any particular time during the cell cycle but are made continuously in proportion to the extant mRNA. The only difference is that rather than increasing from unit amount to two units at division, they increase from essentially zero amount at birth to a maximum just prior to mitosis, during which they are destroyed. A summary of the proposed pattern of mRNA and protein increase during the cell cycle is presented in Fig. 4 .
The triggering of cell-cycle events during steady-state passage
The question that the proposal of steady-state growth during the mammalian division cycle raises is "How are events such as initiation of S phase or initiation of mitosis triggered?"
The answer proposed here is that initiation of events during steady-state passage is related to the continuous accumulation of some triggering element in the cell, rather than the phase-or narrowtime-dependent appearance of some triggering element. Whatever the ultimate initiator of DNA synthesis, and whatever the ultimate initiator of mitosis, we propose that it is the steady-state accumulation of this material that leads to the initiation of S phase and the eventual initiation of mitosis. This proposes that it is a quantitative measure of the triggering element, rather than a qualitative change in the triggering element with its appearance occurring at a particular time during the division cycle. It is possible that the completion of S phase is the ultimate initial trigger of mitosis, in which case only the initiation of S phase itself has to be accounted for and explained.
METHODS
Cells. L1210 cells, a mouse leukemic line (ATCC designation CCL219) was used for all experiments. These cells are non-adherent and grow with a doubling time of approximately 9-11 hours.
Media. Liebovitz's L-15 medium (cellgro by Mediatech, Herndon, VA 20171) was supplemented with 2 mg/ml glucose, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10%
Cosmic Calf Serum (CCS, (Hyclone, Inc.). The buffering in L-15 medium allows cell growth and pH maintenance without a CO 2 atmosphere. Cells were grown at 37°C in sealed flasks prior to a membrane-elution experiment. Cells were kept below 200,000 cells/ml during exponential growth. The CCS was filtered (0.22 or 0.45 micron pore filters) before a membrane-elution experiment to avoid clogging the membrane.
The membrane holder. The membrane holder apparatus has been described previously 33, 37, 38 , but some of the details will be presented here. A support screen (Millipore, catalogue number YY3014234) was secured in a holder with rubber gaskets so that a membrane (Millipore catalogue number GSWP14250; 142 mm nitrocellulose membrane, 0.22 micron pores) lay directly on the support screen. A Lucite ring confined the liquid to the top of the membrane.
Rubber gaskets between the membrane and Lucite ring prevented leakage. The support screen lay over a funnel that can be inserted into a side-arm flask to allow suction to pull the medium through the membrane (Fig. 1) .
The automated membrane-elution method. Cells were grown to a concentration of less than 200,000 cells per ml to obtain approximately 60-70 million cells. For example, 600 ml of cells at 100,000 cells per ml gave 60 million cells. All experiments were carried out in a warm room (37ºC) with warm media and buffers. The membrane holder and medium reservoir were kept in a full-view incubator within the warm room to ensure constant temperature. To start the production of newborn cells, 50 ml of PBS (phosphate-buffered saline) with 10 µg/ml concanavalin A was filtered through the membrane. Upon completion of the filtration no residual liquid remained. PBS (100 ml) was then filtered through the membrane to remove unbound concanavalin A; again no residual liquid remained. Cells in 300-600 ml of medium were filtered slowly onto the membrane with gentle suction over 3-5 minutes. When approximately 20-30 ml of liquid remained above the membrane, the liquid was poured off so that the cells were never dried and exposed to air. The membrane apparatus was inverted and filled with fresh medium.
Medium from a 4 L reservoir was pumped through the membrane at a rate of 2. 
